This second report in the series on coronary artery bypass presents the authors experience and personal views on the internal thoracic artery (ITA) which date to 1966. There has been a very gradual evolution in the acceptance of this conduit which was initially compared with the saphenous vein and viewed as an improbable alternative to it. As is common with concepts and techniques which are 'outside the box' there was skepticism and criticism of this new conduit which was more difficult and time consuming to harvest for the surgeon who had to do it all. It was viewed as small, fragile, spastic and its flow capacity was questioned. Only a few surgeons employed it because of these issues and some of them would frequently graft it to the diagonal artery as it was thought not to supply adequate flow for the left anterior descending unless it was small. After a decade, angiographic data revealed superior patency to vein grafts. Even this evidence and survival benefit reported a few years later did not convince many surgeons that their concerns about limitations justified its use. Thus widespread adaption of the ITA as the conduit of choice for the anterior descending required another decade and bilateral use is only now expanding to more than 5% of patients in the US and somewhat faster in other countries.
INTRODUCTION
This second in a series on conduits for coronary bypass features the internal thoracic artery. Surprisingly, or not, the left internal thoracic artery (ITA), and also the right in a few instances, was the first and only conduit utilized in a series of patients beginning in 1964 which followed case reports of saphenous vein coronary bypass in 1962 [1, 2] . Also surprising was the off-pump approach applied by Kolesov and Kolesov [3] and the non-availability of coronary angiography at that time. By 1976, 132 patients had been operated by him [3] .
One might argue that Vineberg's clinical use of the ITA beginning in 1950 as a myocardial implant after a decade of experimental studies and that Murray's experimental ITA-coronary anastomosis were necessary feasibility studies but in all likelihood unknown to Kolesov [4, 5] . Although the implanted ITA remained patent in 80% to 90% of canines and humans it provided less that 5 mL/min of flow [6] . It was Green [7] who after laboratory studies began use of the left ITA, aiding by an operating microscope, in 1968 and reported on 165 patients by 1972. We did not use the left ITA until January 1972 after more than two years of laboratory evaluation indicating that its flow capacity was appropriate and histology unchanged from preoperatively up to 18 months after grafting [8] . This was in contrast to vein grafts which had medial fib-− 352 − rosis, intimal proliferation and luminal irregularity on angiography by six months [8] .
LEFT INTERNAL THORACIC ARTERY USE
Green's report stimulated ITA use at two sites in Europe (Karolinska Institute in Stockholm and Gasthuis University in Belgium) and multiple sites in North America. Follow-up coronary angiography was relatively common in the early years of coronary surgery and revealed one year patency of 89% to 99% [9] . However there was not widespread enthusiasm for this conduit: harvest time was long and iatrogenic conduit injury occurred; conduit spasm was recognized and resulted in diminished flow; the ITA was more fragile than saphenous vein and the anastomosis technically difficult so that there was a definite learning curve [9] . Most but not all surgeons adapted surgical loupes while the operating microscope was rarely used except by Green. Later it was demonstrated that most graft failures occurred in the first year reflecting conduit injury, technical errors and occasionally competitive coronary flow so that grafts patent at one year had a 97% patency at a mean of 64 months [10] .
Two important reports in the mid 1980's revealed patency and survival advantage for the left ITA. Ten year patency was 85% for the ITA and 40% for saphenous vein [11] . Ten year survival was significantly better for patients having the left ITA grafted to the left anterior descending (LAD) coronary with vein grafts for other vessels, than in patients having only vein grafts [12] . Additionally there was greater freedom from ischemic events and reintervention with use of the ITA [12] . These two papers initiated a pendulum swing toward wider application of the left ITA. Two surveys revealed that 5.7% of US surgeons at least occasionally used the ITA in 1975 and 13% in 1980. By 1990 the Society of Thoracic Surgeons database revealed that ITA was used in 65% and by 2010 in more than 90% of patients having coronary artery bypass (CAB). Use of the left ITA for the LAD became the "standard operation" world-wide but bilateral ITA grafting occurred in only 4% of CAB patients in the US is well below that in other countries [13] .
LEFT INTERNAL THORACIC ARTERY HARVESTING
Exposure is achieved with a spreading or table mounted retractor and appropriate positioning of the table. The table mounted retractor provides the best exposure by virtue of its ability to elevate the sternal leaf but at slightly greater risk of sternal fracture, costochondral separation or brachial plexus stretch injury caused by too vigorous sternal elevation.
Costochondral separation is most common and usually involves one or two ribs, requires no treatment and is not associated with significant postoperative pain. A sternal fracture is usually secured by standard closure but overlapping figure of eight wires is appropriate for all closures and the most secure. Fracture is more common if the sternal incision is not midline with a thin left sternal leaf and more than one fracture may occur which requires a vertical Robicsek weave to reinforce the sternum [14] .
In the early years some surgeons used blunt and sharp dissection to harvest a 2 cm wide pedicle, extending from the sternal edge laterally, of pleura, endothoracic fascia and venous comitantes. I was concerned that electrocautery dissection might injure the artery so I did not use it for the first decade but the transition to bilateral ITA grafting pushed me to use cautery to shorten harvest time, which it did. To avoid conduit injury it is important to use a low power current (range, 10 to 20 watts). The artery may be injured by grasping it with forceps or by retracting on the artery too vigorously with forceps even though they are placed on pedicle tissue and not the artery itself. Some ITA's have diffuse intimal thickening, most often in diabetics, and are more vulnerable to traction injury which is associated with intimal fracture creating an intimal flap which may restrict flow or initiate a subintimal dissection which is a lesion specific to the ITA and not seen with other arterial conduits.
ITA branches are suitably controlled by several techniques.
Placing two clips and cutting between them is laborious and tedious. A proximal clip or ligature and distal cautery division is preferred by some. I prefer cautery division which is expedient but care must be taken to divide larger branches slowly as rapid division may not coagulate the vessel fully Dissection is initiated in the middle third to expose the large medial vein which becomes a guide to the laterally adjacent artery. With this landmark identified the dissection is continued proximal and distal to gain wider exposure and then to expose the intercostal fat pads and the intervening cartilages. The fat pad is dissected anteriorly from the intercostal muscle using the cautery blade with and without power. The flat cautery blade works well as a dissector with the current off to allow teasing the anterior surface of the artery from the costal cartilage. Arterial branches are best exposed as they leave the fat pad to enter the intercostal muscle anteriorly and laterally where they are easily divided with cautery well away from the ITA to avoid thermal injury.
When the distal dissection reaches the bifurcation I prefer to divide each branch (musculophrenic branch and superior epigastric artery) between clips to preserve the bifurcation and obtain maximal length which occasionally is important. It is expedient to divide the ITA at this time rather than return to it later. Some want to have the patient heparinized before dividing the ITA but I do not. Others divide the ITA later (on initiation of cardiopulmonary bypass or immediately before the distal anastomosis) but I have not seen problems with ITA thrombus unless there has been surgical injury to the ITA. Heparin given at this early stage may result in more bleeding during the remainder of the dissection and particularly if bilateral ITA harvest is planned.
Distal division allows the pedicle to fall posteriorly to a greater degree which facilitates proximal dissection, but is not a necessity, to reach the subclavian vein with the ITA passing posteriorly to it. Dissection is continued proximally and the pedicle continues to fall posteriorly and will lie parallel to the phrenic nerve which must be visualized at this time as it courses anteriorly from its mid-lateral mediastinal position on the pericardium. The phrenic nerve can be injured as it approaches the ITA to lie posteromedial to it. At the thoracic inlet the nerve may have any possible relationship to the ITA but always passes from lateral above the thoracic inlet to medial below [15] . The internal thoracic vein joins the subclavian vein and is usually not divided although it may be.
Additional ITA length can be gained by dividing the vein and dissecting the ITA from the subclavian vein when more ITA length is required as this maneuver can add up to 3 cm of length [16] . This length is gained by greater posterior positioning of the proximal ITA which normally is an anterior structure while its destination, usually the LAD, lies posterior to the in situ ITA, even though the LAD is an anterior structure on the heart. These details can be very important when length is an issue such as with a longitudinal thoracic cavity which positions the heart away from the thoracic inlet; when the ITA is used as a sequential graft to the diagonal artery 
LEFT INTERNAL THORACIC ARTERY ROUTING
The shortest route from the thoracic inlet to the LAD is parallel to the phrenic nerve so it is logical to position the artery adjacent to it until the artery enters the pericardial space which is achieved by incising the pericardium trans- 
LEFT INTERNAL THORACIC ARTERY TO LEFT ANTERIOR DESCENDING GRAFTING
The left ITA grafted to the LAD has become the 'gold standard' because of patency and durability to which all other grafts and targets are compared. There are few contraindications to this configuration and age is not one.
Emergency situations or hemodynamic instability may not allow time for harvest. Prior chest wall radiation may result in periarterial fibrosis or even direct injury to the ITA. In the first decade of experience it was not uncommonly said that the ITA was too small or that free flow was insufficient which usually represented harvest spasm or injury to the artery from harvesting trauma. Although a relative contraindication to bilateral ITA harvest because of the increased risk of mediastinal infection, morbid obesity combined with diabetes will deter most surgeons. Lesser obesity when combined with an unfavorable (short) bodily habitus provides poor exposure because the short sternum does not elevate well.
The ITA is transected just proximal to the bifurcation and adequacy of free flow confirmed. Anastomotic site is selected on the basis of angiography, visualization and palpation which may require extensive exposure (dissection) to find the optimal site(s). Frequently the LAD is visible over much of its middle and distal thirds with the proximal third hidden by cardiac fat which occasionally covers most or all of the artery; with the latter even finding the artery may be challenging and often a bit of luck is helpful. When initial exploration does not reveal the artery a diagonal branch can be dissected retrogradely to the LAD or the LAD may surface distally, at or near the ventricular apex, and be traced proximally.
It is not rare for the LAD to be submuscular, often in the middle third but also more extensively, and if not visible distally it may be located as described above. There may be only one diagonal and if it is proximal it will lead to the LAD at a point which is too proximal for the anastomosis so that the LAD must be traced distally by dividing the overlying fat when it is necessary to bridge a long coronary lesion (Fig. 1) [23]. The latter is useful when there is a proximal lesion and a more distal but significant stenosis which warrants treatment with the options of sequential anastomosis to the LAD or a long (angioplastic) anastomosis. The latter is generally faster because the lateral portions of an anastomosis can performed rapidly compared to the more critical toe and heel which require more care and time. Many surgeons are not comfortable with sequential anastomosis using arterial conduits so the angioplastic anastomosis is the obvious choice for them and does not add complexity to the procedure. suture and continuing clockwise thorough the toe and back to the starting point (Fig. 2) [23] . Prior to completion gentle probing of 5 to 10 mm, with a coronary sized probe, in both directions will ascertain that there is no anastomotic stenosis.
The soft bulldog is released to check for hemostasis and then reapplied unless it is appropriate to release the cross clamp at this time. The pedicle is tacked to the epicardium with fine sutures placed at each distal corner of the pedicle to reduce tension and avoid angulation at the anastomosis.
When ventilation is resumed the surgeon must observe the pedicle and the lung to prevent the lung from coming beneath the pedicle and lifting it which, if the anesthesiologist is not paying attention, can create sufficient tension on the pedicle to tear the anastomosis. When positioned correctly the lung will come over the pedicle which lies adjacent to the phrenic nerve without creating tension on the pedicle during the respiratory cycle. If tension is noted on the pedicle (by palpation with one finger so as to not displace the lung) it can be lengthened as described above. The pedicle is checked for torsion immediately before making the anastomosis but if perchance it is noted at this time a judgment must be made as to whether it is tolerable or whether the anastomosis must be redone. If there is redundancy without tension it is safe to leave an inadvertent 360 degree torsion. If it must be corrected it is possible to redo the distal anastomosis or the ITA can be divided proximally and anastomosed directly to the 
SEQUENTIAL GRAFTING
Although sequential grafting was employed early in the history of vein grafting there was reluctance to apply this technique to the ITA because of its small size, fragility, concern over flow capacity and fear that a technical error would compromise distal flow into what is usually the most important of the two anastomoses. The first two and the last concerns could seemingly be overcome by technical excellence and experience and the third was answered by success of left ITA grafting for very hi-grade, proximal LAD lesions in which flow would be delivered to both the LAD and diagonal arteries as with a sequential graft. After seven sequential grafts were followed 4.5 years and five patients had elective coronary angiography showing all anastomoses were patent it was deemed prudent to proceed with routine use of this configuration as dictated by coronary anatomy and concomitant disease [24] . Use of this technique was expanded to sequential LAD-LAD, diagonal-diagonal-LAD and to other vessels (ramus intermedius and obtuse marginal).
A side-to-side anastomosis to a very proximal diagonal, ramus or marginal artery can be problematic as the anastomosis lies posterior to the pericardial incision and the ITA must loop over the pericardial edge to reach the anastomotic site and achieve a parallel approach which may require a sig- [11, 12] . This stimulated interest in use of the ITA, but as indicated above surgeons were reluctant to begin using the left, much less both ITA's except for a few groups.
In the 1990's another Cleveland Clinic report revealed survival advantage for two ITA's over one, but even by 2010 less than 10% of patients were receiving bilateral grafts in the US [13, 26] .
RIGHT INTERNAL THORACIC ARTERY HARVEST
In the first 15 years the right ITA was harvested with the same technique as the left but a several fold increase in mediastinal infection with bilateral harvest resulted in techniques which were less traumatic to the chest wall and better preserved its vascularity. The ultimate application being skeletinized dissection of the artery incorporating ultrasonic dissection, control of branches using clips or ultrasound and minimal or absent use of electrocautery to preserve collateral blood flow to the chest wall [27] . These modifications were shown to not harm the conduit and extend its length by 1 to 
RIGHT INTERNAL THORACIC ARTERY GRAFTING
In contrast to left ITA grafting to the LAD, which is virtually automatic, there are many options for the right. A very logical choice is grafting the second most important coronary, assuming the LAD is the most important, which is defined by artery size and health of the subserved myocardium. Some have suggested that both ITA's should always be grafted to the left side of the heart but the weight of evidence supports the first option [29] .
When the right coronary is chosen this usually means the posterior descending artery because there is frequently bifurcation disease or will be in the future. About 50% of the time the in situ graft will reach the posterior descending artery so that free grafting from the aorta may be necessary and if a posterolateral branch is to be grafted it is almost always necessary.
If the left ITA is not available or is used for the circumflex artery the right ITA can reach the LAD as an in situ graft or as a free graft from the aorta or from the left ITA as a Y-graft. The in situ approach is avoided by many because of the difficulty of avoiding injury to it if repeat sternotomy is needed.
Grafting the circumflex system can be accomplished by routing the in situ right ITA through the transverse sinus but frequently only the first marginal artery is reachable. A free right ITA from the aorta will reach more distal branches but I believe the best option is its use as a composite Y-graft from the left ITA (Fig. 4) [23] which was promoted by Calafiore et al. [30] . Tector introduced the T-graft (Fig. 5) [23] which differed from the Y-graft only by making multiple distal anastomoses with the right ITA, including the posterior descending artery and sequentially to other branches if desired [31] . Although Tector's experience is large this complex technique has not been widely adapted [32] . Both of these approaches had been reported by Sauvage et al. [33] in 1986 with later 12 year follow-up.
Anastomosis of the ITA to the aorta historically has been associated with a 5% to 10% loss of patency which has improved to 1% to 2% currently. Anastomosis of a small caliber conduit to a large, thick walled structure is problematic because the small diameter requires a small punch (range, 3 to 4 mm) and intima-to-intima approximation is lacking. If preferable to attach the arterial graft to the hood of the vein (Fig. 6) [23] which is a "privileged site" and for uncertain reasons protected from atherosclerotic deterioration. If there is no vein graft and the aortic wall is diseased or even thickened resection of the aortic wall to create a 15 mm circular or 10 by 20 mm rectangular defect into which a pericardial or vein patch is sutured (4-0 to 6-0 polypropylene) is effective (Fig. 6) [23] . The graft is attached after punching a small hole or an incision in the patch (6-0 or 7-0 polypropylene) [34] . 
INTERNAL THORACIC ARTERY GRAFT FLOW
There was early interest in measuring arterial conduit flow because of concern over adequacy of flow with these smaller conduits (compared to vein grafts) which could be ascertained by timed free flow into a calibrated container. Free flow is determined by mean arterial pressure and graft resistance and is always greater than flow measured after grafting which is almost always limited by intrinsic coronary vascular resistance. It was learned that exposure of the graft to papaverine increased free flow and that completion flow (after grafting) was comparable in vein and arterial grafts [17, 35] . Later with composite grafting there was renewed interest in measuring both free and completion graft flow and a few reports of late flow measurements confirmed the presence of arterial conduit remodeling [36] . Remodeling may enlarge or diminish the lumen over time depending on flow through the graft [37] . technical problems in 3% to 7% of grafts studied [38, 39] .
GRAFT PATENCY
Patency of 90% or more at 10 years and 88% at 15 years has been reported for the left ITA grafted to the LAD [40, 41] . Patency of the right or left ITA to the LAD or first marginal artery is similar whether the graft is in situ or free and whether based on the aorta or as a composite graft [40, 42] . Targets other than the LAD have slightly reduced patency compared to the LAD [40, 41] . Patency of ITA grafts in the face of decreasing coronary stenosis declines gradually without a definite break point for the left coronary system but not the right as discussed below [43] . Female gender and smoking are associated with reduced patency [41] . There is no loss of patency for sequential ITA grafts [44] . Off-pump coronary grafting achieves similar excellent patency with ITA conduits [45] .
Competitive coronary flow is associated with reduced arterial graft patency and although there is no critical or break
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− 364 − point for the left ITA to the left coronary system or for the right ITA to the left side this is not true for the right ITA to the right coronary [46] . The apparent reason is that the right coronary is frequently larger than the LAD or the circumflex so that an 80% stenosis of a 5 mm coronary gives a residual lumen of 3.94 mm squared which compares with the lumen of a 2.0 mm normal coronary of 3.14 mm squared. Thus, an arterial conduit with a 2.0 mm distal lumen will deliver less flow than the coronary because of its greater length and therefore resistance. Measuring the residual lumen with biplane coronary angiography and using an arterial graft only if the residual diameter is ＜1.1 mm diameter predicted good patency [46] . However measuring residual lumen is problematic in that even precise angiographic detail cannot compensate for geographically complex lesions, is not usual in most laboratories and there is a physiologic alternative. Fractional flow reserve (FFR) is now well established and routine in our catheterization laboratory for assessing all lesions that do not appear hi-grade and has been established as determining the appropriateness of coronary stenting and predicting better outcomes with a "cut off" of ＜0.8 [47] . However, here are limited data supporting its validity in predicting graft patency [48] . Thus on an angiographic basis only (without use of FFR) left sided lesions should have 70% stenosis or greater whereas right coronary lesions should be 90% or more, unless the right system is small, to obtain optimal patency with arterial grafts. It is no surprise that the left ITA to the LAD has become the gold standard to which all other grafts and targets are compared from the patency standpoint.
SURVIVAL BENEFIT
The two landmark studies, which are retrospective and observational, suggest survival benefit for one ITA graft over only vein grafts and for two ITA conduits over one at 10 and 20 years, respectively [12, 26] . These data are further supported by meta-analysis and recent observational studies [13, [49] [50] [51] [52] . One very long observational study of bilateral versus single ITA grafting reversed the negative influence of gender on outcomes [52] . For the first time survival in diabetics with bilateral ITA grafting was equal to that of nondiabetics [50] . Although some reports have suggested that the second ITA should be directed to the left side of the heart the weight of evidence indicates that the second ITA should be directed to the second best target, after the LAD, without regard to whether it is the right or left coronary system [29, 41] .
In addition to survival benefit of arterial grafts, and perhaps contributing to it, is the apparent associated benefit of reduced, distal disease progression of 8% to 10% versus 40% in coronaries receiving an arterial graft [53] . It is postulated that this is derived from the functioning endothelium of arterial grafts which is known to be intrinsically more biologically active than vein endothelium and also to be essentially equivalent to the endothelium of healthy coronary arteries. The established properties of nitric oxide in addition to vasodilation include inhibition of platlet aggregation and adhesion; neutrophil adhesion, release and chemotaxis; and inhibition of smooth muscle growth all of which implicate it as a potential inhibitor of atherosclerosis [54] .
MEDIASTINAL INFECTION
Mediastinal wound infection is the bete noire of bilateral ITA harvest which is distressing to all, occasionally results in death and has even been viewed by the US insurance industry as an avoidable complication for which hospitals should not be reimbursed for additional necessary care.
Clearly a 1% infection rate is not unacceptable although rates under 1% have been reported for single ITA use. The incidence of sternal infection has been higher (range, 2% to 3%) with bilateral harvest, and higher in diabetics but this has not been statistically significant in some reports and has been improved by skeletinization [13, 49, 50, 55] . Three current reports have observed sternal infection rates of less than 1.0% and in which bilateral ITA harvest, diabetes and age were not observed to be risk factors for this complication [49] [50] [51] . One group that is recognized to be at risk for deep sternal infection is the morbidly obese diabetic and most would also add female as a descriptor. Most surgeons intuitively avoid bilateral ITA harvest in this subgroup of patients and some would add the descriptor of having preoperative glycosylated hemoglobin levels greater than 7.5% [50] . It may be that these recent reports of sternal wound infection rates of less Even today some are not convinced by the apparent favorable results reported for the ITA which are only supported by retrospective analysis and not by prospective randomized clinical trials. In response to this deficiency Taggart et al. [56] have reported one year results of the first such trial comparing one and two ITA grafts.
